Objective-To investigate the significance of respiratory muscle weakness in chronic heart failure and its relation both to maximum oxygen consumption during cardiopulmonary exercise testing and to skeletal muscle (quadriceps) strength. Subjects-Seven healthy men aged 54 9 (SEM 4-3) years and 20 men with chronic heart failure aged 614 (1.6) years (P = 0.20) with radionuclide left ventricular ejection fraction of 25-4 (3.0)%.
Methods-Mouth pressures during maximum static inspiratory effort (P,.,,,) at functional residual capacity (FRC) and residual volume (RV) were measured in all subjects and taken as indices of inspiratory muscle strength. Similarly, mouth pressures during maximum static expiratory effort (PEm.) at FRC and total lung capacity (TLC) were taken as indices of expiratory muscle strength. Cardiopulmonary exercise testing was performed in all subjects. All controls and 15 heart failure patients also had their right quadriceps muscle strength measured. Results-There was respiratory muscle weakness in heart failure patients, with reduction of PI,,, at FRC (59.7 (6.3) v 85 6 (9.6) cm H20, P = 0-045), PEm., at FRC (94.8 (6.2) v 134X6 (9.1) cm H2,0 P = 0.004), and PEm.. at TLC (121.7 (8.5) v 160-7 (13) cm H20, P = 0.028). Ph.. at RV was also reduced but this did not reach statistical significance (77.3 (6.6) v 89-3 (13) cm H2,0 P = 0.44). There was also significant weakness of the right quadriceps muscle (308.5 (22) v 446'2 (28) N, P = 0.001). Pimax at both FRC and RV correlated with maximum oxygen consumption (r = 0 59, P = 0-006, and r = 0 45, P = 0-048 respectively) but not P,m,. There was, however, no significant correlation between P,,Z and right quadriceps strength. Conclusions-Respiratory muscle weakness is seen in chronic heart failure. The results suggest that inspiratory muscles are important in determinLing maximum oxygen consumption and exercise tolerance in these patients. The Respiratory muscle weakness has been reported in patients with chronic heart failure.1-3 It has also been proposed that respiratory muscles may play an important role in causing breathlessness in this condition.4 There is a significant correlation between respiratory muscle weakness and the ratings of dyspnoea during daily activities2 as well as during exercise testing3 in these patients. Histological changes in the diaphragm have also been shown. 6 The exact cause of respiratory muscle weakness is not known but it may be related to muscle underperfusion7 or may have a similar pathogenic basis to that of the skeletal muscle abnormalities often seen in these patients.8'0 Measurements of locomotor muscle function have indeed shown a reduction in maximum isometric force production of the quadriceps and its increased tendency to fatigue in chronic heart failure."
Respiratory muscle function has not been widely studied in chronic heart failure. The objective of this study was therefore to investigate respiratory muscle strength in patients with heart failure and to examine its correlation with maximum oxygen consumption, an objective measurement of exercise capacity. Since the relationship between respiratory muscle strength and locomotor muscle strength is unknown, this was also assessed in our study.
Methods
Twenty male patients with chronic heart failure between 46 and 74 years of age (mean age 61 4 (SEM 1 6) years) participated in this study. Patients with known pulmonary disease were excluded since abnormal skeletal muscle metabolism may also be seen in patients with chronic lung disease.'2 All patients had suffered from heart failure for more than three months and were adequately treated with diuretics. Mean multigated acquisition (MUGA) radionuclide left ventricular ejection fraction was 25-4 (3 0)%. Heart failure was caused by ischaemic heart disease in 13 patients, idiopathic dilated cardiomyopathy in six, and valvar heart disease in one. None of the patients was limited by angina. A control group of seven healthy men (mean age 54.9 years, range 41-73 years, P = 0 20) was also studied. None had respiratory symptoms. Subject characteristics, including the results of lung function tests, are summarised in table 1. The study was approved by the local ethics committee and all subjects gave informed consent.
RESPIRATORY MUSCLE STRENGTH
Mouth pressures during maximum static inspiratory effort (Pimax) at functional residual capacity (FRC) and residual volume (RV) and during maximum static expiratory effort (PEmax) at FRC and at total lung capacity (TLC) were measured. These were taken as indices of inspiratory and expiratory muscle strength respectively. 13 All measurements were made with the subject standing and wearing a nose clip. Mouth pressures were measured in cm H2O with a manufacturer calibrated pressure monitor (Druck) and were visually displayed on a liquid crystal display screen on the monitor. Subjects breathed through a pneumotachograph calibrated for spirometry (Innovision) with a scuba-type mouthpiece and coupled to a T valve. At the selected lung volume (FRC, RV, or TLC), the valve was turned to obstruct the airway so that the subject's mouth pressure during maximum inspiratory or expiratory effort could be measured with the pressure monitor. A small leak using a 22 gauge needle was incorporated in the airway to prevent glottic closure, and light pressure was applied to the cheeks during expiratory manoeuvres to minimise the contribution of facial muscles. Subjects were urged to perform maximally, and repeated efforts were made until the two highest values agreed within ±5 cm H20. An average of four efforts was usually required for each lung volume. Subjects were allowed to rest for a few minutes when necessary between the manoeuvres.
QUADRICEPS MUSCLE STRENGTH
All controls and 15 heart failure patients also had their right quadriceps muscle strength assessed." They were seated within a rigid framework and were asked to produce maximum right knee extension against a stirrup attached to a strain gauge. This was accepted as the maximum isometric force produced when a superadded stimulus applied through saline pad electrodes to the right quadriceps of 1 ms duration at 1 Hz failed to produce an additional twitch at the plateau of the contraction. The strain gauge had previously been calibrated against known masses. The maximum isometric force was expressed in N (newtons).
CARDIOPULMONARY EXERCISE TESTING
Cardiopulmonary exercise testing was performed in all the participants of the study to assess exercise capacity. All were exercised to exhaustion (peak respiratory exchange ratio, R > 1 1) using the Bruce protocol,'4 with the addition of a "Stage 0" at 1 0 mph and 5% gradient for the heart failure patients. Respiratory gas exchange analysis was carried out by means of a respiratory mass spectrometer (Amis 2000, Innovision) using the mixing box technique.'5
STUDIES OF REPRODUCIBILITY
Repeat measurements of maximum inspiratory and expiratory mouth pressures were made in three controls and three heart failure patients on a separate day to evaluate the reproducibility of the test. and three patients with chronic heart failure. FRC and RV were 6-7% and 5-7% respectively. For PEmax at FRC and TLC, the values were 5-5% and 6-7%. Results of maximum oxygen consumption, respiratory strength, and right quadriceps muscle strength in the heart failure patients and healthy controls are presented in table 2. Patients with heart failure due to ischaemic heart disease did not have evidence of myocardial ischaemia and were not limited by angina during cardiopulmonary exercise testing, although two of these patients were on a nitrate medication and a third on diltiazem and a nitrate. Pim,, at FRC was significantly reduced in heart failure patients, as was PImax at RV although the latter did not reach statistical significance. There was also a significant reduction in PEmax both at FRC and at TLC. The quadriceps muscle was weaker in the heart failure patients. The significance of results did not differ when the Mann-Whitney U test was applied (Pimax at FRC, P = 0 033; PImax at RV, P = 0x36; PEmax at FRC, P = 0003; PEmax at TLC, P = 0-014).
When maximum oxygen consumption was correlated with maximum mouth pressures in the heart failure patients, Pimax From our study, inspiratory muscle strength is seen to be a determinant of maximum oxygen consumption in heart failure patients. This is in agreement with the findings ofNishimura et al. '6 The inspiratory muscles consist of the diaphragm and the external intercostal and accessory muscles. The diaphragm is the most important of these, since breathing with intercostal or accessory muscles does not normally occur.'7 Expiration, by contrast, is predominantly due to the passive relaxation of the diaphragm, although during heavy breathing the abdominal recti and internal intercostals are involved in producing rapid expiration.30 Thus, despite the reduced maximum expiratory mouth pressures seen in the heart failure patients in our study, it is not surprising to see that only inspiratory muscle strength measurements correlated significantly with maximum oxygen consumption. That there was a significant correlation further suggests that the inspiratory muscles, in particular the diaphragm, are probably important in determining the exercise tolerance in these patients. The cause of respiratory muscle weakness is not known. It may be due to underperfusion and a reduced flow of nutrients to the muscles because of lower cardiac output or peripheral vasoconstriction,' or it may be related to the neuroendocrine abnormalities seen in heart failure, such as increased catecholamine level32 and insulin resistance,33 34 leading to changes in diaphragmatic muscle structure or function. Inactivity and subsequent deconditioning are considered important causes of skeletal myopathy in chronic heart failure, but whether this is applicable to muscles responsible for such constant work and rhythmicity as breathing is open to debate.
Part of the process of inspiration also involves the downward displacement of the abdominal viscera. Fluid engorged viscera such as the liver may act as a mechanical impediment to this and cause a reduction in the efficiency of inspiratory muscle activity. None of our patients, however, had obvious peripheral oedema during the study.
It is interesting that there was a lack of correlation between respiratory muscle strength and locomotor muscle strength. This suggests that the magnitude and time course of muscle weakness involving the respiratory and locomotor muscles may differ in individual patients. It has been shown that physical training is beneficial in heart failure and improves exercise capacity as well as the ventilatory response to exercise.35 If respiratory and skeletal myopathy do not follow the same time course of the disease process and if they are not affected equally, then the implication is that treatments such as training may need to include inspiratory muscle endurance exercises.3637 It may be necessary to "rehabilitate" each particular muscle group, including respiratory muscles, to improve exercise tolerance and relieve the symptoms of both breathlessness and muscle fatigue.
In conclusion, respiratory muscle weakness is seen in patients with chronic heart failure. Inspiratory muscle strength is a determinant of maximum oxygen consumption and exercise tolerance. Respiratory muscles and skeletal muscles appear to be discordantly affected in this condition. Further research is required to investigate the reasons for this discordance and to test the hypothesis that treatments with the specific aim of improving respiratory muscle function may be beneficial to those in whom respiratory muscle weakness is shown to be a factor in symptomatic limitation of exercise.
